Abstract In tree species, fine-root growth is influenced by the interaction between environmental factors such as soil temperature (ST) and soil moisture. Evidences suggest that if soil moisture and nutrient availability are adequate, rates of root growth increase with increasing soil temperature up to an optimum and then decline at supraoptimal temperatures. These optimal conditions vary between different taxa, the native environment and the fine-root diameter sub-classes considered. We investigated the effects of seasonal changes of both ST and soil water content (SWC) on very fine (d \ 0.5 mm) and fine-root (0.5 \ d \ 2 mm) mass (vFRM, FRM) and length (vFRL, FRL) in Italian Southern Alps beech forests (Fagus sylvatica L.). Root samples were collected by soil core method. Turnover rate was higher for the very fine (0.51) than for the fine (0.36) roots. vFRM, FRM, vFRL and FRL displayed a complex seasonal pattern peaking in summer when SWC was around 40 % and ST was around 14°C. Above this temperature, under almost constant SWC, all above mentioned root traits decreased. vFRM, FRM, vFRL and FRL showed significant second-order polynomial relationship (p \ 0.05) with SWC for both diameter classes, with the only exception of SRL. ST showed the same kind of relationship significant only with vFRM and vFRL, the latter within the 12-16°C smaller range. Interpolation analysis between root mass and length for both diameter classes and investigated soil environmental characteristics (ST and SWC) showed a clear roundish delineation only for vFRM. In conclusion, these findings clarified the occurrence of a bimodal fine-root growth seasonal pattern for our beech forest. The optimal growth ST and SWC ranges were delineated only for very fine roots, giving further evidence on this root category as the more responsiveness to soil environmental changes. Furthermore, F. sylvatica seems to adopt an intensive strategy to cope with decreasing SWC. Finally, fine-root growth, mainly radial type, seems to be driven by SWC, whereas very fine-root growth, mainly longitudinal type, seems to be driven by ST.
Introduction
In forest ecosystems, the belowground biomass accounts for 13-25 % of the stand biomass, 2-15 % consisting of fine roots (Helmisaari et al. 2002) . A substantial fraction of net primary productivity in forested ecosystems is exported belowground to produce ephemeral fine roots. Despite their relatively minor contribution to the overall root biomass (Vogt et al. 1996) , fine-root turnover represents up to 33 % of the total annual net primary production in most ecosystems (McClaugherty et al. 1982) . Therefore, fine-root dynamics is widely recognized as an important biogeochemical process in forest soils.
Within a root system, very fine (d \ 0.5 mm) and fine (0.5 \ d \ 2 mm) roots (nomenclature according to Zobel and Waisel 2010) represent the most dynamic component of a root apparatus (Hendrick and Pregitzer 1992; Barlow 2010) . Given their simple anatomical organization, fine roots are also the most sensitive component within the overall root system in that they respond rapidly to variations in the rooting environment (Helmisaari et al. 2002) . In previous studies on Turkey oak, we showed that fineroot responses to changes in soil water content (SWC) are diameter dependent (Montagnoli et al. 2012a ). Joslin et al. (2006) hypothesized that a tree fine-root system consists of two pools, one very dynamic with lifespan \1 year (shortlived), the other with lifespan [1 year (long-lived). Moreover, Gill and Jackson (2000) highlighted how differences in lifespan correspond to differences in fine-root diameter size, with decreasing turnover rates as root diameter increases. Hence, irrespective of tree species, it is increasingly recognized that woody fine roots (0.5-2 mm) represent the more stable pool in fine-root systems, whereas very fine roots (\0.5 mm) the more dynamic one.
Fine-root dynamics is influenced by a variety of internal (e.g. genotype of plant species) and external (e.g. temperature, precipitation, soil properties, nutrient availability and competition between plants) factors (Teskey and Hinckley 1981 , Kuhns et al. 1985 , Burke and Raynal 1994 , Steele et al. 1997 , Tierney et al. 2003 , Chiatante et al. 2005 , Majdi et al. 2005 , Montagnoli et al. 2012a ). In particular, soil temperature (ST) influences root growth (Pregitzer et al. 2000) , including the initiation and cessation of growth, cell elongation, root length and diameter extension, initiation of new lateral roots, and by these regulates other vital functions of a tree (Lyr and Garbe1995; Lyr 1996) . Roots grow faster at higher temperatures in annual crop plants (Kaspar and Bland 1992) and perennials (Larson 1970; Wilcox and Ganmore-Neumann 1975; Teskey and Hinckley 1981; Bevington and Castle 1985; Kuhns et al. 1985; Lieffers and Rothwell 1986; McMichael and Burke 1998; King et al. 1999; Weltzin et al. 2000) . Rates of root mortality also seem to increase with ST and the flux of C from plant roots into the soil food web might increase in global temperatures rise as predicted (Pregitzer et al. 2000 and reference therein). Certainly changes in ST interact with changes in both soil moisture and nutrient availability (Pregitzer et al. 2000) driving changes in root growth. Therefore, responses of roots to changes in ST have the potential to be confounded by root responses to concomitant changes in both soil nutrient and water availability. Considerable evidences suggest that if soil moisture and nutrient availability are adequate, rates of root growth increase with increasing ST, up to an optimal temperature and then decline at supraoptimal temperatures (Barney 1951; Merrit 1968; McMichael and Burke 1998; Pregitzer et al. 2000) . All these findings are not sufficient to explain the field performance observed throughout the growing season by the fine root. Joslin et al. 2001 suggested that in a temperate climate with a mid-summer drought period, mature deciduous trees exhibit a 'fixed root growth' pattern attributable primarily to 'phenological programming' and secondly to 'physiological optimum' of ST and soil water potential. The physiological optimum, defined as the growth rate at the point of most advantageous balance between rate limiting conditions (Lyr and Hoffmann 1967) , depends partly on the native environment and varies among different taxa (Pregitzer et al. 2000; Larson 1970; Tryon and Chapin 1983; McMichael and Burke 1998; Comas et al. 2002; Curt and Prevosto 2003; Comas and Eissenstat 2004) . Synoptic analysis, widely used in GIS environment (Piovesan et al. 2005) , could be suitable for the investigated soil characteristics (ST and SWC) delineation in relation to optimal root growth. This approach provides especial visualization procedure which gives the most informative results (Č ermák et al. 2004) . Therefore, we hypothesize that if ST and water content physiological optimum occurs, then fine-root growth response should be delineated in a 2D more instructive fashion shape easy to visualize.
Soil resources are subject to fluctuation in time and/or space influencing the species' activity and fate. Therefore, in temperate forests, perennial plants exhibit complex seasonal patterns of root production and root mortality, all characterized by marked spring burst production and fall mortality (Kuhns et al. 1985; Pregitzer 1993, 1996; Wells and Eissenstat 2001; Metcalfe et al. 2008; Montagnoli et al. 2012a, b; Montagnoli et al. 2010) . In northern forest where water limitation is rare, ST is the main determinant for fine-root growth which increases from spring to mid-summer and declines in fall when most of root mortality occurs (Brassard et al. 2009; Tierney McClaugherty et al. 1982; Kurz and Kimmins 1987; Hendrick and Pregitzer 1992 , 1993 , 1996 . Differently, in temperate forest with summer water limitation, plants have different species-specific adaptation strategies termed stress-tolerance or stress-avoidance, by exhibiting fine-root mass and length increase (Montagnoli et al. 2012a; Ostonen et al. 2007 Ostonen et al. , 2011 Di Iorio et al. 2011) or decrease (Manes et al. 2006; Metcalfe et al. 2008) , respectively, as soil moisture declines.
Plants optimize the investment of carbon by modifying their fine-root morphology (Montagnoli et al. 2012a) . Increasing specific root length (SRL m g -1 ), i.e. the lengthto-mass ratio of a root fragment, is one of the possible fineroot morphological adaptation (intensive strategy), which increases the volume of soil exploited per unit biomass invested in fine roots. In fact, root length is assumed to be proportional to resource acquisition (benefit) and root mass to be proportional to construction and maintenance (cost) (Fitter 1976 (Fitter , 1985 (Fitter , 1991 Eissenstat and Yanai 1997) . Long and thin roots (high SRL) are believed to be the belowground equivalent of thin leaves, which are less expensive to produce (Withington et al. 2006; Ostonen et al. 2007 ). Water uptake may stimulate the production of finer roots, which results in a relatively greater length per unit mass, thereby leading to an increase in SRL under drier conditions (Metcalfe et al. 2008 ). Thus, a decline in soil moisture and/or an increase in ST in some species may induce changes in the diameter of fine-root system ). However, different tree species appear to have different adaptation strategies for optimizing the mineral nutrition of the plant (Comas et al. 2002; Curt and Prevosto 2003; Comas and Eissenstat 2004) .
The research presented here was part of a larger study designed to evaluate different aspect of both fine (Montagnoli et al. 2012a, b; Terzaghi et al. 2013 ) and coarse ) roots in beech forest in relation to stand characteristics. In the present paper, our objectives were to evaluate (1) the seasonal variation of live fine-root mass, length and SRL; (2) the relationship, if any, between volumetric soil moisture and temperature and live fine-root mass, length and SRL; (3) the fine-root production and turnover rate; (4) how the aforementioned fine-root traits vary in relation to two fine-root diameter classes (\0.5; 0.5-2 mm); and (5) the occurrence, by data interpolation, of a 2D colour visualization of SWC and ST optimum for both fine and very fine-root growth.
Materials and methods

Site description and characteristics
The study area is located in the catchments of the Telo stream in the Lombardy Southern Alps (Intelvi Valley, NW Italy, 45°59 0 N, 9°07 0 E) approximately from 1,160 to 1,200 m above sea level between Lakes Como and Lugano. This area is characterized by a sub-continental climate with mean annual precipitation of 1,600 mm concentrated in two main periods (April-May and August-September), and mean annual temperature of 10-11°C ( Fig. 1 ; data from Consorzio dell 'Adda 2003 . Rainfall (mm) and air temperature (°C) for the sampling period were recorded at 60 min interval. Sensors (Thermometer DMA572 and Rain gauge DQA030; LSI Lastem s.r.l.) were mounted on a 3-m-high mast and set up on a hill (Alpe di Ponna) 0.8 km from the experimental site. Generally, the area is snow-covered from late October to late March. The 2008 temperatures and precipitations are in accordance with the general trend and magnitude of the past 80 years (weather data from Consorzio dell 'Adda, Lombardy, 1920 . According to the World Reference Base (WRB) for soil resources (IUSS 2006) , soil type is Leptosol 40-50 cm deep. Sampling plots were placed in three beech forest stands, with different characteristics due to different type and age of forest management (Table 1) . In particular, stands were one 40-year-old Coppice and two conversions from coppice to high forest, respectively, cut in 1994 and 2004. Effects of these management practices on fine-root production and turnover rate were exhaustively investigated in previous works (Montagnoli et al. 2012b; Terzaghi et al. 2013; Di Iorio et al. 2013) . As soil conditions appeared to be inherently coupled with stand characteristics, present fine-root biomass data from three selected stands were pooled in order to detect a comprehensive response to ST and water content. The three stands were adjacent to each other and located on the same southwest facing slope (angle average between 28°and 30°). No significant differences in soil characteristics were recorded between the three stands. Tree number and diameter at breast heights (dbh) were surveyed on seven selected 20-mdiameter circular-shaped sampling plots per stand (a total of 2,199 m 2 per stand). In order to estimate aboveground biomass, a site specific allometric relationship, which estimates branch and stem biomass from tree dbh, was developed. More detailed information about stand characteristics were provided in Montagnoli et al. (2012b) , Di and Terzaghi et al. (2013) .
Soil moisture and temperature
ThetaProbe type ML2 Delta-T Devices were used to record the volumetric soil water content (SWC; %) by the wellestablished method of responding to changes in the apparent dielectric constant. Measurements of soil temperature (ST;°C) were taken by Checktemp 1 thermometer with an NTC thermistor sensor (Hanna Instruments Ò ) (±0.3°C). Both soil moisture and ST were measured at each sampling date, approximately every 30 days from 8 May to 17 October. Proximal to the root soil core sampling point, 12 measurements each of ST and SWC were taken at each of the three soil depths (5, 15 and 25; 36 in total) hereafter reported as mean 30 cm depth.
Fine-root measurements
Fine roots were collected using a motor-driven portable root soil core sampler [adapted from Ponder and Alley (1997) ] during the 2008 growing season from May to October 2008, when the soil was free of snow. In each stand, four permanent 10-m 2 plots were set. Two soil cores (4 cm diameter 9 30 cm deep) were randomly collected in each plot. Fine roots were sampled on seven dates approximately every 30 days from 8 May to 17 October for 168 cores in total (8 cores 9 3 stands 9 7 collecting dates). Samples were stored in plastic bags at 4°C until processed. Each sample was washed automatically in a filtering nylon bag (300-lm mesh) using a washing machine [adapted from Benjamin and Nielsen (2004) ]. Soil-free roots were sorted into colour, texture and shape under a 109 stereomicroscope (Vogt and Persson 1991) . Live fine roots were scanned at resolution of 400 dpi and divided into subsamples based on two diameter size classes (d \ 0.5 mm hereafter named very fine roots; 0.5 \ d \ 2.0 mm hereafter named fine roots) by using WinRhizo Pro V. 2007d (Regent Instruments Inc., Quebec). Each subsample class was analysed in order to obtain the mean diameter class. Subsamples were then oven-dried and weighed.
As the present work is strictly focused on the growing season, annual fine-root production (FRP) and fine-root turnover rates (FRT) estimations were calculated on this temporal basis. The reliability of this estimation relies on the lack of significant differences between the fall and the second season spring values as reported in a previous work (Montagnoli et al. 2012b ). Annual fine-root production was estimated using the minimum-maximum method procedure. This method calculates, and sums in case of multimodal seasonal pattern, only significant differences between seasonal minimum and maximum fine-root dry mass (live mass plus necromass) (Edwards and Harris 1977; McClaugherty et al. 1982; Hertel and Leuschner 2002) . Fine-root turnover rates of FRB (live mass) were calculated as annual root production divided by maximum standing biomass (Gill and Jackson 2000; Godbold et al. 2003) . In a recent review on different types of fine-root turnover calculations, Brunner et al. (2013) highlighted how maximum rather than mean annual biomass is more susceptible to fluctuations due to climatic variation. Therefore, in accordance with the aims of the present study, the 'maximum method' was considered more consistent.
The following root traits were determined: (1) mean live dry mass of very fine root (vFRM-g m -2 ) and fine root (FRM-g m -2 ); (2) mean live length (RL) of very fine root (vFRL-m m -2 ) and fine root (FRL-m m -2 ); (3) specific root length (SRL) of very fine root (vF SRL-m g -1 ) and fine root (F SRL-m g -1 ); (4) seasonal pattern of the above mentioned traits; (5) turnover rate of very fine root (vFRT) and fine root (FRT).
Statistical analysis
Twelve permanent plots (four per stand) were established and considered as replicates. At each sampling date, two soil cores per plot were sampled, pooled and treated as one 
Results
Soil moisture and temperature
As a result of spring rainfall events (Fig. 1a) , the highest SWC was recorded from 8 May (59 %) to 20 June (61.7 %; Fig. 1b) . Then, SWC progressively decreased from 42.5 % on 12 July to almost 35 % on 26 August. SWC increased again to 46 % on 24 September as a result of early autumn rainfall, for decreasing to 34 % at the last sampling date on 17 October. ST was in average lower than air temperature of 3-5°C. Both soil and air temperatures showed the same seasonal variation increasing from 8 May to 5 August and then decreasing till the middle of October with the only exception of a slight increase in the soil at the end of the growing season (Fig. 1a, b) .
Fine-root production and turnover Table 2 shows root production and turnover rate values calculated with respect to the selected diameter classes.
Annual root production was lower in very fine (\0.5 mm) than fine roots (0.5-2 mm), the former accounting for almost 29 % of the total (d \ 2 mm). On the contrary, root turnover rate in the smaller diameter class was higher than twice that in the larger class.
Root dry mass, length and SRL Mean annual standing mass was almost four times higher in FRM than vFRM, accounting for 76 and 24 % of the total, respectively. In contrast, vFRL was 83 % of total root length (Table 2 ). In both diameter classes, both root mass and length showed two distinct peaks during the growing season on 12 July and 24 September (Fig. 2) , of which only the first statistically significant (Dunnett's test, p \ 0.05). In particular, from the beginning of the season to the seasonal maximum, both vFRM and vFRL doubled their values whereas the larger roots only increased by 50 %. Both peaks occurred when ST was lower than its seasonal maximum and SWC ranged between 42 % (first) and 46 % (second) (Fig. 1b) . High seasonal variation of SRL occurred for both diameter classes with two distinct peaks (Fig. 2) . In the case of vF SRL, both peaks were coincident with those observed for the mass and the length as well as the first peak of F SRL. None of the peaks were statistically significant, with the only exception of the second one for F SRL (Dunnett's test, p \ 0.05) in the end of August, anticipating by 29 days that of vF SRL. This peak corresponded to the second seasonal minimum for both FRM and FRL, with FRM markedly lower than FRL compared to the other sampling dates.
Root mass showed a significant (p \ 0.05) secondorder polynomial relationship with the soil moisture for both diameter classes considered, whereas root length with only the fine-root class (Fig. 3) . The coefficient of determination (R 2 ) did not show great variation between diameter classes or between root mass and length. A second-order polynomial relationship significantly occurred also between vFRM and ST (p \ 0.05; Fig. 4 ). For vFRL, the relationship was not significant over the whole investigated temperature range. Starting from the evident maximum vFRL value at 14.03°C, progressively shorter ranges were selected till the second-order polynomial relationship met the significance (p \ 0.05), 12-16°C range exactly (Fig. 4) . For both diameter classes, SRL did not show significant relationship neither with soil moisture (Fig. 3 ) nor with ST (Fig. 4) . Synoptic analysis of root mass, ST and water content Synoptic analysis was carried out only for those root parameters which showed a significant polynomial relationship with at least one of the two soil environmental parameters investigated, temperature and water content. Consequently, due to their lack of relationship, vF SRL and F SRL were excluded. Contour plot graphs (Fig. 5) representing the seasonal variation of RM and RL (multiple colour) showed that a clear roundish (2D view) delineation occurred only if root parameters showed a significant polynomial relationship with both SWC and temperature. In particular, this was the case only for vFRM and vFRL. Maximum values of vFRM and vFRL in the upper 30-cm soil depth corresponded to 42-46 % SWC range and to 14-15°C ST range. For FRM and FRL, as the significant polynomial relationship was found only with SWC (Fig. 4) , interpolation analysis did not result in a clear delineation of contour plot. In particular, maximum value for both FRM and FRL was located in the lower range of ST and covered a wide range of SWC.
Discussion
In our beech stands in the Southern Alps of Italy, the mean total live fine-root mass (160 g m -2 ) was consistent with other values reported for the same species (Finér et al. 2007 ) and for the temperate deciduous forests (Finér et al. 2011 ), falling in the lower limit of these reference ranges. The large variation of fine-root biomass observed between sites of the same vegetation zone may partly originate from differences in sampling methods (Vogt et al. 1998 ), climatic and stand characteristics (Finér et al. 2007 (Finér et al. , 2011 Gill and Jackson 2000) . Our field estimations of fine-root length (1.85 km m -2 ), frequently missing in literature, was almost half than that reported for temperate deciduous forest biome (5.4 km m -2 to 30 cm soil depth) (Jackson et al. 1997 ), but very close to the value (1.5 km m -2 ) recently found for mixed beech forest (Bolte and Villanueva 2006) . In a recent meta-analysis on different tree species, Ostonen et al. (2007) reported fine-root SRL values widely ranging between 1.4 and 25 m g -1 . Moreover, the same authors reported also SRL estimations for Fagus sylvatica, scaled down to smaller diameter sub-classes. Our results for both root class\2 mm in diameter (11.6 m g -1 ) and the two diameter sub-classes considered in this study [d \ 0.5 (41.3 m g -1 ) and 0.5 \ d \ 2 (2.9 m g -1 )] fall within this meta-analysis's range. Finally, annual FRP and turnover rate values fall within the range reported for temperate deciduous forests (Finér et al. 2011) and are consistent with data obtained in a previous work on the same site (Montagnoli et al. 2012a) .
Although referred to one growing season, the observed turnover rates highlight turnover times of 2 and 3 years for very fine and fine roots, respectively. Consequently, we infer that another root portion accounting for &50 and &30 % for very fine and fine roots, respectively, has a turnover time shorter than one growing season. In our study, seasonal pattern's peak of very fine and fine roots measured in July lasted only few weeks, suggesting that most of the new produced fine roots are 'short-lived' type. Furthermore, though less pronounced than the previous one, also the second flush measured in September lasted few weeks pointing out the production of a second 'shortlived' fine roots population. If this is the case, the amount of very fine and fine roots surviving the winter time and those at the beginning of the growing season (spring) might represent the 'long-lived' fine-root portion of the root system. Similarly to previous works (Eissenstat and Yanai 1997; Guo et al. 2008; Montagnoli et al. 2012a) , our results show that beech roots born in spring and winter generally lived longer than roots born in summer and early fall.
Therefore, the fine-root system will consist of different aged fine-root pools (Joslin et al. 2006) . Moreover, from methodological point of view, we showed that monthly collection of live fine-root samples might better represent the population of 'fast-turnover roots' and strongly reduce misestimating. Very fine-root annual production was very close to its annual mean standing mass, which means that at the seasonal maximum, very fine-root mass and length double the values measured at the beginning of the growing season. During the first growth phase, very fine-root length increased by nearly 1,200 m at an average growth rate of 15 m m -2 d -1 (inferable from Fig. 2 ), for decreasing thereafter with a similar rate. Differently, dry mass and length of fine roots, during the same growth phase, increased only 50 % of the initial value, with a root length growth rate of 2.3 m m -2 d -1 (inferable from Fig. 2 ). Many evidences (Gill and Jackson 2000; McCormack et al. 2012) show how fine-root lifespan is inversely related to diameter with decreasing turnover rates as root diameter increases. Therefore, very fine roots (\0.5 mm) may be clearly ascribed to the short-lived and fast-growing pool of the entire fine root system, whereas the fine roots (0.5-2 mm) to the long-lived portion. The highly probable mechanism underlying these different behaviours relies on differences among the primary and secondary growths. For very fine roots, the fast growth was driven by the longitudinal primary growth which allowed root elongation. For fine roots, the increase was 'apparently' longitudinal as it is mainly driven by the radial secondary growth, whose beginning depends on the timing of cambium formation along a root axis (Barlow 1997) . Fine-root biomass generally peaks in mid-to late summer and is minimal in late fall to early winter (Brassard et al. 2009 and references therein). It has been suggested that this seasonal variation may reflect that of SWC and, consequently, the nutrient availability (Coners and Leuschner 2005; Vanguelova et al. 2005; Mainiero and Kazda 2006) , as well as an ontogenetic response to local conditions (Chiatante et al. 2005) . In beech forests surveyed in the present work, the first peak of both very fine-and fineroot mass and length was observed when mean ST was 14-15°C and SWC 44 %. Above this ST, with almost constant SWC (never below the field capacity), both fineroot traits decreased independently from the diameter class. In accordance with other studies (Pregitzer et al. 2000; Barney 1951; Merrit 1968; McMichael and Burke 1998) , if soil moisture and nutrient availability are adequate, rates of root growth increase with increasing ST up to an optimum, 14-15°C in our case, and then decline at supraoptimal temperatures. A second not significant increment was observed at the end of September, although it started from the end of August when ST decreased back to 14°C and SWC increased again to 46 %. This second increment is worth to note because it highlights that if adequate ST and water content are restored, a new flush of fine-root production is stimulated. Furthermore, we observed that the second increment was higher in the fine-root fraction than in the very fine-root one. In this regard, it is reasonable to state that beside the production of new roots for both fractions, the percentage of very fine roots that did not die after the first flush, continued their growth in radial pattern, shifting in the fine-root diameter class. Therefore, two switching points in root activity are detectable from the fine-root mass and length seasonal variation in both diameter classes, highlighting ST of 14-15°C as the optimal condition for root growth in F. sylvatica stand. Regression analyses revealed that SWC affected both root dry mass and length independently from the diameter class. In contrast, ST affected both mass and length only for very fine roots. For fine roots, ST missed this relationship because first and second peaks showed similar magnitude, and the latter was observed at markedly lower ST (8°C). Therefore, these findings pointed out that fine-root growth, mainly radial type, seems to be driven by SWC, whereas very fine-root growth, mainly longitudinal type, seems to be driven by ST.
The mechanism occurring when SWC decrease and temperature increase, as the carbon gain is lowered by the reduction in stomatal conductance, suggests that carbon is preferentially channelled into the fine-root production (Dickson and Tomlinson 1996; Thomas and Gausling 2000; Di Iorio et al. 2011) . At the level of this component, F. sylvatica adopted an intensive strategy by increasing SRL, which increases the volume of soil exploited per unit biomass invested in fine roots Montagnoli et al. 2012a; Comas et al. 2002; Curt and Prevosto 2003; Comas and Eissenstat 2004) . In fact, SRL peaked when soil moisture content decreased to the lowest value of the growing season. For the significant second F SRL peak, the hypothesis here suggested is that if mortality and production of fine roots are concomitant processes (Kurz and Kimmins 1987; Hendrick and Pregitzer 1993) then the amount of new roots, usually high SRL type, is lower than that of dead roots. The lowest average mean diameter, whose contribution to SRL is inversely squared , measured for FR (data not shown) on 26 August clearly explains the significant SRL increase and the ongoing fine-root turnover process, supporting this hypothesis. Our findings supported also the tested hypothesis that the occurrence of polynomial relationship between a fine-root trait and two soil environmental variables enable the interpolation approach to delineate a round-shaped (2D view) physiological optimum as narrower as stronger the relationships. In particular, this was the case for very fine-root mass. Also very fine-root length showed a good interpolation, but in this case the weak relationship (p = 0.06) with SWC resulted in a wider elliptical range.
Conclusions
The present work on fine-root dynamics in southern European beech forest reveals a bimodal seasonal pattern with two increments corresponding to two different growth phases. The first peak, characterized by the higher increment, was observed in mid-summer while the second peak at the beginning of fall. The two fine-root diameter classes investigated showed that lifespan is inversely related to diameter, with decreasing turnover rates as root diameter increases. These differences in seasonal dynamics highlight different growth mechanisms such as radial type for fine Eur J Forest Res (2014) 133:957-968 965 roots mainly driven by SWC and longitudinal type for very fine roots mainly driven by ST. Moreover, F. sylvatica seems to adopt an intensive strategy by increasing SRL with decreasing SWC. Throughout the entire growing season, SWC never went below 34 %, making the ST within the 12-16°C range the main stimulating factor for very fine-root growth. Further evidences indicate very fine roots as the most reasonable fine-root size in terms of responsiveness to soil environmental changes. The clear delineation of the physiological optimum for the very fineroot diameter class only gives further support to this assumption.
